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1
METHODS AND SYSTEMS FOR DETECTING
SENSOR FAULT MODES

FIELD OF THE INVENTION

The present invention relates generally to methods and
systems for detecting fault modes in a sensor, and in
particular, to methods and systems for detecting fault modes
in a fiber optic sensor used to measure a bending moment
experienced by a blade of a wind turbine generator (WTG).

BACKGROUND OF THE INVENTION

Many modern wind turbine generators (WTGs) are
equipped with generally long and slender blades that are
designed to flex or bend in response to wind forces. While
some bending is expected, the blade can suffer damage if it
bends beyond an extreme limit or too frequently. The risk of
such damage is greater in proportion to the ever increasing
size of blades used in modern WTGs. Therefore, to detect
the occurrence of bending, among other reasons, modern
WTG blades are sometimes equipped with bending moment
measuring sensors that measure a bending moment experi-
enced at one or more points along the span of each blade. To
avoid electromagnetic interference the sensors are often
implemented using fiber bragg gratings (FBGs) in a fiber
optic cable.

Bending moment sensors are not limited to use with
blades of a WTG. Therefore, the use of bending moment
sensors with WTG blades is merely one example use.
Another example use includes measurement of a bending
moment in a conduit, such as a marine riser used in deep
water oil exploration, or any other structure having a gen-
erally long slender shape used in a manner and/or environ-
ment that exposes the structure to frequently changing loads
and/or extreme loads. One problem associated with the use
of any sensor is the risk of the sensor entering a fault mode.
A fault mode is a mode in which the sensor behaves in a way
that deviates from its nominal behavior. The nominal behav-
ior is the one that fulfills all the requirements imposed by
systems that directly or indirectly make use of the sensor’s
output. Thus, risk of failure or poor performance for any
such systems will increase if the sensor enters a fault mode.
Accordingly, identification of the occurrence of a fault mode
can help reduce risk of failure and improve performance.
Moreover, reducing risk of failure and poor performance is
useful for modern WTGs because they operate in remote
locations, making technician servicing difficult and costly,
and are often required to have long operational lifetimes,
e.g., twenty years.

U.S. Patent Application Publication Number 2010/
0232961 (the 961 patent publication) describes one fiber
optic sensor that is used to measure a bending moment
experienced by blade of a WTG. The optical fiber used in the
’961 patent publication has two alternative output points,
each connectable to a data processing device. Consequently,
in the event of a breakage in the optical fiber, signals from
the sensor are available from at least one of the output
points.

The 961 patent publication appears to address the occur-
rence of only one fault mode, namely, optical fiber breakage.
Other sensor fault modes may occur, however, such as
partial or complete loss of power in the sensor output, loss
of sensor calibration, and/or signal processing errors. More-
over, fault modes of a sensor may manifest at a high level
(i.e., at a level that takes into account external data or data
other than that available from the sensor) or at a low level
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(i.e., at a level that takes into account internal data or data
available from or pertaining to only the sensor). Identifying
other fault modes would help increase reliable performance
and reduce the risk of failure and associated repair costs.
Furthermore, the ability to distinguish among different fault
modes and fault modes at different levels would improve the
ability to identify appropriate diagnostic techniques to apply.

SUMMARY OF THE INVENTION

According to a first aspect the invention provides a
method of detecting a fault mode of a sensor. The sensor
may be, for example, a bending moment sensor and may
sense a bending moment of a blade on a wind turbine
generator (WTG). The method includes comparing data
output by a first sensor with reference data indicating what
is expected to be output by the first sensor to produce a first
comparison result and comparing data output by the first
sensor with data output by a second sensor to produce a
second comparison result. A determination of whether the
first sensor has entered a fault mode is made based at least
in part on the first and second comparison results. By
detecting a fault mode of the sensor the risk of undue
reliance on the sensor may be reduced in a timely manner
without the need for technician servicing.

In an embodiment of the method according to the first
aspect of the invention, the first sensor is configured for use
in measuring a first characteristic of a structure and the
second sensor is configured for use in measuring a second
characteristic of the structure. In a further embodiment, the
structure is a wind turbine generator (WTGQG), the first char-
acteristic of the structure is a bending moment experienced
by a first blade of the WTG, and the second characteristic of
the structure is one of: a bending moment experienced by a
second blade of the WTG, a rotation speed of a generator of
the WTG, an acceleration of a nacelle of the WTG, an
acceleration of the blade of the WTG, a thrust force of wind
on the WTG, a rotation speed of a rotor of the WTG, and a
pitch angle of at least one of the blades of the WTG.

In another embodiment of the method according to the
first aspect of the invention, the first sensor is configured for
use in measuring a characteristic of a structure and the
second sensor is configured for use in measuring a charac-
teristic of the environment in which the structure is located.
In a further embodiment, the structure is a WTG, the
characteristic of the structure is a bending moment experi-
enced by a blade of the WTG, and the characteristic of the
environment is one of: a wind speed, a wind direction, a
density of air surrounding the WTG, and a temperature of air
surrounding the WTG.

In yet another embodiment of the method according to the
first aspect of the invention, the method further includes
sending an indication of the detected fault mode to a
controller that performs control operations in dependence on
the data output by the first sensor.

In yet another embodiment of the method according to the
first aspect of the invention, the method further includes
sending an indication of the detected fault mode to a
controller of the first sensor, and compensating, at the sensor
controller, for the detected fault mode.

According to a second aspect the invention provides a
method for detecting fault modes of a bending moment
sensor for a blade of a WTG. The method includes operating
the sensor to generate data representing a bending moment
experienced by the blade, and comparing the data generated
by the sensor with reference data indicating what is expected
to be generated by the sensor to produce a comparison result.
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A determination is made as to whether the sensor has entered
a fault mode based at least in part on the comparison result.

In one embodiment according to the second aspect of the
invention, the sensor includes a fiber bragg grating (FBG)
configured for placement on a surface of the blade and
sensor circuitry configured to optically couple to the FBG
via an optical fiber. Moreover, the sensor circuitry includes
a light source configured to emit a light signal and a light
receiver configured to receive a reflection of the light signal
from the FBG and to convert the reflected light signal into
the sensor generated data. Comparing the sensor generated
data with the reference data to produce a comparison result
may include comparing a signal power level indicated by the
sensor generated data with a signal power level indicated by
the reference data to produce a power comparison result. In
a further embodiment, the method further includes modify-
ing power output by the light source in response to deter-
mining that the sensor has entered a fault mode based at least
in part on the power comparison result.

In an alternative embodiment according to the second
aspect of the invention, the sensor includes the FBG and the
sensor circuitry described above. However, in this alterna-
tive embodiment, comparing the sensor generated data with
the reference data includes comparing a mean signal fre-
quency indicated by the sensor generated data with a mean
signal frequency indicated by the reference data to produce
a mean frequency comparison result. In a further embodi-
ment, the method further includes compensating for a fre-
quency offset of the sensor in response to determining that
the sensor has entered a fault mode based at least in part on
the mean frequency comparison result.

According to a third aspect the invention provides a
method for detecting fault modes in one or more of a
plurality of sensors. The method includes operating first and
second sensors, at least the first sensor producing data
representing a bending moment experienced by a blade of
the WTG, and comparing data output by the first sensor with
data output by the second sensor to produce a comparison
result. A determination is then made as to whether the first
sensor has entered a fault mode based at least in part on the
comparison result.

In one embodiment according to the third aspect of the
invention, the first sensor includes an FBG configured for
placement on a surface of the blade and sensor circuitry
configured to optically couple to the FBG via an optical
fiber. The sensor circuitry includes a light source configured
to emit a light signal, and a light receiver configured to
receive a reflection of the light signal from the FBG and to
convert the reflected light signal into the data representing
the bending moment experienced by the blade.

According to a fourth aspect the invention provides an
apparatus for detecting fault modes in a first sensor. The
apparatus comprises low level fault detection circuitry and
high level fault detection circuitry. The low level fault
detection circuitry is configured to compare data output by
the first sensor with reference data produced by the first
sensor while operating the first sensor in a controlled envi-
ronment. A fault mode of the first sensor may be detected
based at least in part on the comparison. Moreover, the high
level fault detection circuitry is configured to compare data
output by the first sensor with data output by a second sensor
to detect a fault mode of the first sensor.

According to a fifth aspect the invention provides a WIG
with low level sensor fault detection. The WTG includes a
blade configured to rotate in response to a wind force and a
sensor configured for use in measuring a bending moment
experienced by the blade. The WTG further includes fault
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detection circuitry that is configured to compare data output
by the sensor during operation with the reference data to
determine whether the sensor has entered a fault mode.

According to a sixth aspect the invention provides a WTG
with high level sensor fault detection. The WTG includes a
first blade configured to rotate in response to a wind force
and a first sensor configured for use in measuring a bending
moment experienced by the first blade. The WTG further
includes fault detection circuitry that is configured to com-
pare data output by the first sensor with data output by a
second sensor to determine whether the first sensor has
entered a fault mode.

In one embodiment according to the sixth aspect of the
invention, the WTG further comprises a second blade and
the second sensor is configured for use in measuring a
bending moment experienced by the second blade.

In another embodiment according to the sixth aspect of
the invention, the second sensor is configured for use in
measuring a characteristic of the WT'G other than a bending
moment experienced by a blade.

In yet another embodiment according to the sixth aspect
of the invention, the second sensor is configured for use in
measuring a characteristic of the environment in which the
WTG is located.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will be better understood with reference to
the detailed description when considered in conjunction with
the non-limiting examples and the accompanying drawings.

FIG. 1 shows a general structure of a WTG, which is an
example structure that uses sensors for which a fault mode
may be detected.

FIG. 2 shows a system for detecting a fault mode for a
load sensor on a WTG, such as the WTG of FIG. 1.

FIG. 3 shows a more detailed view of certain portions of
the system in FIG. 2.

FIG. 4 shows a graph of on which is depicted both an
example nominal signal and an example faulty signal that
may be produced by the load sensor in FIGS. 2 and 3.

FIG. 5 illustrates a flow diagram representing an example
method of detecting whether a sensor has entered a fault
mode.

DETAILED DESCRIPTION OF THE
INVENTION

The following is a detailed description of embodiments of
the invention depicted in the accompanying drawings. The
embodiments are examples and are in such detail as to
clearly communicate the invention. However, the amount of
detail offered is not intended to limit the anticipated varia-
tions of embodiments; but on the contrary, the intention is to
cover all modifications, equivalents, and alternatives falling
within the spirit and scope of the present invention as
defined by the appended claims.

Furthermore, in various embodiments the invention pro-
vides numerous advantages over the prior art. However,
although embodiments of the invention may achieve advan-
tages over other possible solutions and/or over the prior art,
whether or not a particular advantage is achieved by a given
embodiment is not limiting of the invention. Thus, the
following aspects, features, embodiments and advantages
are merely illustrative and are not considered elements or
limitations of the appended claims except where explicitly
recited in a claim(s). Likewise, reference to “the invention”
shall not be construed as a generalization of any inventive
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subject matter disclosed herein and shall not be considered
to be an element or limitation of the appended claims except
where explicitly recited in a claim(s).

Wind turbine generators (WTGs) are subject to loading
due to wind forces, rotational motion, gravity, and the like.
This loading is usually undesirable and is therefore often
monitored and sometimes controlled with the use of sensors.
For example, the blades of some modern wind turbines have
stress sensors or gauges mounted typically on an inner
surface thereof. The stress sensors are capable of measuring
and reporting to a central controller an amount of stress
experienced by the blade. However, WTGs are often in
remote locations and are designed to operate with little
maintenance and supervision. Therefore, occurrence of a
fault mode in a sensor may escape detection. If control of the
WTG depends on a sensor that experiences a fault mode, the
WTG may operate inefficiently, or worse, may suffer dam-
age. Example methods and systems described herein can be
used to detect fault modes of a sensor in a WTG, thereby
facilitating avoidance of such risks. Moreover, although a
WTG is frequently referred to herein as an example structure
that uses sensors, other structures are known to include
similar sensors that can enter fault modes. Therefore, the
methods and systems described herein are not limited to use
with WTGs.

FIG. 1 illustrates an example WTG 100 according to an
embodiment. As illustrated in FIG. 1, the WTG 100 includes
a tower 110, a nacelle 120, and a rotor 130. In one embodi-
ment, the WIG 100 may be an onshore wind turbine.
However, embodiments of the invention are not limited only
to onshore wind turbine. In alternative embodiments, the
wind turbine 100 may be an offshore wind turbine located
over a water body such as, for example, a lake, an ocean, or
the like. The tower 110 of such an offshore wind turbine is
installed on either the sea floor or on platforms stabilized on
or above the sea level.

The tower 110 of the WTG 100 may be configured to raise
the nacelle 120 and the rotor 130 to a height where strong,
less turbulent, and generally unobstructed flow of air may be
received by the rotor 130. The height of the tower 110 may
be any reasonable height, and should consider the length of
wind turbine blades extending from the rotor 130. The tower
110 may be made from any type of material, for example,
steel, concrete, or the like. In some embodiments the tower
110 may be made from a monolithic material. However, in
alternative embodiments, the tower 110 may include a
plurality of sections. In some embodiments of the invention,
the tower 110 may be a lattice tower. Accordingly, the tower
110 may include welded steel profiles.

The rotor 130 may include a rotor hub (hereinafter
referred to simply as the “hub”) 132 and at least one blade
140 (three such blades 140 are shown in FIG. 1). The rotor
hub 132 may be configured to couple the at least one blade
140 to a shaft (not shown). In one embodiment, the blades
140 may have an aerodynamic profile such that, at pre-
defined wind speeds, the blades 140 experience lift, thereby
causing the blades to radially rotate around the hub. The hub
132 may further comprise mechanisms (not shown) for
adjusting the pitch of the blade 140 to increase or reduce the
amount of wind energy captured by the blade 140. Pitching
adjusts the angle at which the wind strikes the blade 140. In
certain embodiments, however, the pitching mechanisms
may be omitted and, consequently, the pitch of the blades
140 cannot be adjusted in such embodiments.

The hub 132 typically rotates about a substantially hori-
zontal axis along a drive shaft (not shown) extending from
the hub 132 to the nacelle 120. The drive shaft is usually
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coupled to one or more components in the nacelle 120,
which are configured to convert the rotational energy of the
shaft into electrical energy.

Although the WTG 100 shown in FIG. 1 has three blades
140, it should be noted that a WTG may have a different
number of blades. It is common to find WTGs having two to
four blades. The WTG 100 shown in FIG. 1 is a Horizontal
Axis Wind Turbine (HAWT) as the rotor 130 rotates about
a horizontal axis. It should be noted that the rotor 130 may
rotate about a vertical axis. Such a WTG having its rotor
rotate about the vertical axis is known as a Vertical Axis
Wind Turbine (VAWT). The WTG embodiments described
henceforth are not limited to HAWTs having 3 blades. They
may be implemented as both HAWTs and VAWTs, having
any number of blades 140 in the rotor 130.

Each of the blades 140 may also be equipped with a
bending moment sensor 142 (i.e., a load sensor), such as a
strain-gauge, accelerometer, vibration sensor, or any other
type of sensor capable of measuring at least a magnitude of
a bending moment experienced by a WTG blade. The
bending moment sensor 142 may be positioned at a root end
of the blade to sense stress due to a flap bending moment of
the blade, i.e., a moment that causes the blade to deflect in
a direction normal to the plane of the rotor 130. Although the
wind turbine 100 is depicted as having only one bending
moment sensor 142 on each blade 140, multiple bending
moment sensors 142 may be included on each blade (or
fewer than each blade) at various positions, e.g., at 20%,
40%, 50%, 60%, 75% and 80% of the blade radius from the
blade root. Moreover, at least some of the multiple bending
moment sensors 142 (or, alternatively, at least one additional
bending moment sensor) may be positioned to measure an
edge bending moment, i.e., a moment that causes the blade
to deflect in a direction substantially within the plane of the
rotor 130, rather than a flap bending moment. Alternatively,
only a single one of the blades 140 may be equipped with
one or more bending moment sensors 142.

Furthermore, in addition to positioning one or more
bending moment sensors 142 on or within each blade 140,
one or more additional sensors may be used to control or log
data about operation of the WTG 100 or its operating
environment. For example, the WTG 100 may include a
sensor at the back of the nacelle 120 in the form of an
accelerometer. The accelerometer may be mounted in such
a way that the accelerometer measures horizontal or sub-
stantially horizontal oscillations of the nacelle, which may
result from edgewise oscillations of the blades. Other pos-
sible sensors include a wind speed sensor, a wind direction
sensor, a wind thrust force sensor, a generator speed sensor,
a temperature sensor, an air density sensor, a WTG location
detecting sensor (e.g. a GPS receiver), a blade pitch angle
sensor, a blade angle of attack sensor, a tower top accelera-
tion sensor, a rotor speed sensor, etc. Furthermore, some
sensors included on the WT'G may be configured for use in
measuring certain characteristics of the WTG (including,
e.g., characteristics that the foregoing sensors measure more
directly) based on a physical model and/or knowledge of
operating parameters, such as WTG altitude, blade masses
and inertia, a blade length, and/or a gearbox ratio. Sensors
other than the bending moment sensors 142 are sometimes
referred to in the description and figures as “other sensors”
for brevity.

FIG. 2 shows a functional block diagram of an example
system 200 that implements an example method of detecting
fault modes of one or more sensors. FIG. 3 shows a
functional block diagram of certain components in the
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system 200 in greater detail. Thus, the following description
of'the system 200 is made with reference to both FIGS. 2 and
3.

In the example system shown, the one or more sensors are
blade bending moment sensors 142 (i.e., load sensors) on
blades of the WTG 100. However, the system 200 is not
limited to use with load sensors on blades of a WIG and
may instead be used in other contexts and with other types
of sensors. Moreover, it should be noted that the number of
blades n shown in FIG. 2 may be any positive integer. In
addition, the number of load sensors m may be any positive
integer and may differ from the number of blades n. For
example, fewer than all blades may be equipped with load
sensors. Alternatively, each blade may be equipped with a
load sensor. In addition, or alternatively, one or more addi-
tional components of the WTG (e.g., the tower) may be
equipped with a corresponding load sensor.

The system 200 also includes low level fault detectors 220
for each load sensor and a high level fault detector 240. The
load sensors 142, low level fault detectors 220, and high
level fault detector 240 produce outputs that are fed to a
WTG controller 230 that in turn produces one or more
outputs that are fed to one or more WTG actuators or other
controllable components. For example, the load sensors 142
generate bending moment data (also referred to herein as
strain data) that is fed to the WTG controller 230 and the
WTG controller 230 sends commands to actuators, such as
pitch actuators that control blade pitch, in dependence on the
bending moment data to control the bending moment expe-
rienced by the blades. The pitch actuators may be individu-
ally or collectively controllable. Other actuators that may be
controlled in dependence on bending moment data include
yaw motors and components that affect generator torque,
speed, and/or power.

Each load sensor 142 is subject to entering fault modes
during operation. The low level fault detectors 220 and high
level fault detector 240 are configured to detect at least some
of'the fault modes, the high level fault detector 240 detecting
fault modes that might be missed by the low level fault
detectors 220 (and vice-versa). Each low level fault detector
220 is associated with a corresponding load sensor 142.
Each low level fault detector 220 compares data output by
the corresponding one of the load sensors 142 with reference
data expected to be output by the load sensor 142. Each low
level fault detector 220 performs the comparison and pro-
duces a comparison result (i.e. a low level validity indica-
tion) indicating whether the output data matches the refer-
ence data. The comparison may be implemented using a
statistical test, such as a generalized likelihood ratio test or
a cumulative sum test. The statistical test may be designed
to detect small changes with a designed probability of
missed detection and/or false alarm. Accordingly, the refer-
ence data may be provided in the form of a mean value and,
optionally, may include a variance value derived from a
statistically significant number of output samples.

The low level validity indication is fed to the WTG
controller 230. Based at least in part on the low level validity
indication, the WTG controller 230 determines whether the
load sensor 142 has entered a fault mode and may optionally
take measures to address the fault mode by, e.g., controlling
the faulty load sensor to compensate for the fault mode
and/or by reducing or eliminating the dependence of any of
its actuator control operations on the output of the faulty
load sensor. The low level validity indication may be pro-
duced in the form of a truth table listing a binary value (e.g.,
valid/not valid) for each of a plurality of possible fault
modes, or may be in the form of multi-level or graded values
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indicating a degree of to which the load sensor is operating
in a fault mode for each possible fault mode. Alternatively,
the low level validity indication may be some combination
of a truth table and graded values. Example fault modes are
discussed below with reference to FIGS. 3 and 4.

The reference data may be derived using a model derived
from knowledge of the properties of the sensor. For
example, the reference data can be obtained based on design
and/or specification parameters provided in documentation
produced by a manufacturer of the sensor and/or from
observed conditions in which the sensor is operating. Alter-
natively, the reference data may be produced by each sensor
during an initialization phase in which each load sensor 142
is operated in a controlled environment. The controlled
environment may be one in which the blade is experiencing
substantially no loading or bending moment. Such an envi-
ronment may be achieved, for example, by pitching the
blades a certain direction, waiting until little or no wind is
present, or in a manufacturing facility during an assembly
phase of the WTG. Alternatively, if the performance of each
load sensor 142 has little to no variation with respect to the
performance of other load sensors 142, the reference data for
all low level fault detectors 220 may be provided by opera-
tion of a single one of the load sensors 142 or by operation
of a reference load sensor that is not provided on the WTG
100.

Moreover, each low level fault detector 220 may include
therein a memory module that stores the reference data.
Alternatively, the system 200 may include a single memory
module that stores the reference data for each low level fault
detector 220 to reference and use during its comparison
operation. Moreover, although multiple load sensors are
shown in the system 200, embodiments having only a single
load sensor associated with a single blade of a multi-blade
WTG are also contemplated.

As shown in FIG. 3, the load sensors 142 may be
implemented using sensor circuitry 310 and an optical fiber
320 having one or more phase masks, which may be in the
form of fiber bragg gratings (FBG) 330. To avoid undue
complexity, FIG. 2 depicts the entirety of each of load
sensors 142 located inside a hollow center portion of a blade
of the WTG 100. However, as shown in FIG. 3, only the
FBGs 330 of each load sensor 142 and a portion of the
optical fiber 320 may actually be located inside the corre-
sponding blade. The sensor circuitry 310 may reside in a
central hub or elsewhere in the WIG 100 and may be
communicatively coupled to the FBGs 330 via a portion of
the optical fiber 320. In one embodiment the load sensors
142 are implemented with FBGs 330 and sensory circuitry
310 that are manufactured by Ibsen Photonics, a company
with headquarters located at Ryttermarken 15-21, DK-3520
Farum, Denmark. For example, Ibsen Photonics’ I-MON
80D interrogation monitor may be used.

The sensor circuitry 310 includes an interrogation monitor
311, which in turn includes a light source 312 (e.g., a
superluminescent diode (SLED) or an amplified spontane-
ous emission (ASE) source), an optical circulator 314, a
spectrum monitor 316, and control circuitry 318 that con-
trols operation of the light source 312 and the spectrum
monitor 316. In addition, the sensor circuitry 310 includes a
converter 319 that converts an output of the interrogation
monitor 311 into bending moment data that is sent to the
WTG controller 230. Although the optical fiber 320 is shown
as providing a link between the interrogation monitor 311
and the FBGs 330 of a single load sensor in a single blade,
the interrogation monitor 311 may be linked by the optical
fiber 320 to multiple, separately located load sensors.
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In operation, the light source 312 emits broadband light
into the optical fiber 320. Each FBG 330 reflects a peak or
narrow band of the broadband light. Moreover, each FBG’s
reflected peak may be centered around a characteristic
wavelength (depicted in FIG. 3 as A1, A2, . . . An) that differs
from the characteristic wavelengths of the other FBGs 330
in the optical fiber 320 to facilitate identification of which
reflection corresponds to which FBG. The FBGs 330 are
mounted on an inner surface of the blade, which stretches
and compresses during operation. Therefore, the FBGs 330
also undergo the stretching and compressing along with the
blade, which affects the frequency response of the FBGs.
Specifically, the FBG’s characteristic wavelength will shift
in proportion to the bending or compression experienced,
thereby providing a measure of the bending moment expe-
rienced by the blade.

The interpretation of characteristic wavelength shifts to
bending moment data is accomplished by the spectrum
monitor 316, control circuitry 318, and converter 319. More
specifically, the peaks of reflected light are reflected back
toward the interrogation monitor 310. The optical circulator
314 directs the reflected light to the spectrum monitor 316
and the spectrum monitor includes a light receiver that
converts the received optical reflections into electrical sig-
nals that carry bending moment data and that are fed to the
control circuitry 318. The control circuitry 318 detects the
frequencies of the different peaks of reflected light and
determines an amount by which the frequencies are shifted.
This information is fed to the converter 319 for conversion
to bending moment data using a predetermined mathemati-
cal relationship. However, if the load sensor 142 enters a
fault mode, the bending moment data can become unreli-
able, which can degrade control operations that depend on
the bending moment data, thereby degrading performance of
the WTG 100 and potentially causing harmful damage.

FIG. 4 shows a power versus frequency graph on which
is depicted a nominal optical signal 410 reflected by a
particular one of the FBGs 330 that is not experiencing a
bending moment. In accordance with the discussion above
regarding the FBGs 330, the nominal optical signal 410 has
a peak that is centered around a characteristic wavelength
that is unique to the associated FBG 330. A fault mode of the
associated load sensor 142 may be exhibited by a change of
power and/or change of characteristic wavelength of the
nominal optical signal 410. For example, the FBG 330 may
enter a fault mode in which it produces a faulty optical signal
420 that is lower in power and/or higher in frequency than
the nominal optical signal 410. Such fault modes may occur
due to, for example, temperature swings, hardware and/or
software bugs, short circuits, general wear and tear, etc.
Furthermore, although the faulty optical signal 420 suffers
changes in both power and frequency, the faulty optical
signal 420 may instead suffer only a change in power or only
a change in frequency. Moreover, a fault mode may be
exhibited in other ways including, for example, power
increase, a downshift in frequency, excess signal noise, etc.,
in the faulty optical signal 420.

During normal operation, the spectrum monitor 316 out-
puts the nominal optical signal 410 (and may output other
similar optical signals corresponding to other FBGs 330, if
present). This output data is fed not only to the control
circuitry 318, but also to the low level fault detector 220,
which compares the output data with reference data
expected to be output by the spectrum monitor 316. Com-
paring the output data with reference data may include
comparing a signal power level indicated by the output data
with a signal power level indicated by the reference data to
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produce a power comparison result (e.g., a value represent-
ing the A, quantity shown in FIG. 4). In addition, or
alternatively, the comparing the output data with reference
data may include comparing a mean signal frequency indi-
cated by the output data with a mean signal frequency
indicated by the reference data to produce a mean frequency
comparison result (e.g., a value representing the A, quan-
tity shown in FIG. 4). Another check that may be performed
by low level fault detector 220 is a peak count to make sure
an expected number of peaks are received. For example, if
five FBGs 330 are included in the load sensor under test but
only four peaks are counted this result will indicate a fault
mode. The peak count, power comparison result and/or
mean frequency comparison result may be provided as part
of the low level validity indication.

By performing the foregoing comparison(s), the low level
fault detector 220 is able to detect if the load sensor 142 has
entered a fault mode. For example, during faulty operation,
the spectrum monitor 316 might output the faulty optical
signal 420, which, as discussed above, would be detected as
a faulty signal by the statistical comparison operations
performed by the low level fault detector 220. The low level
fault detector 220 may then output a negative low level
validity indication to the WTG controller 230 as a warning
for the WTG controller 230 to ignore or reduce dependence
on the faulty load sensor and/or to take corrective action. In
addition, or alternatively, the negative low level validity
indication may be sent to the control circuitry 318 as a
warning for the control circuitry 318 to ignore the sensor
output and/or to take corrective action. Moreover, the nega-
tive low level validity indication may include information
about which particular FBG or FBGs are faulty if only one
or a select number of FBGs are found to be faulty.

Some fault modes may not be detected by the low level
fault detector 220 or may not be detected in a timely manner.
Therefore, the system 200 may also include a high level fault
detector 240. The high level fault detector 240 may be fed
the same output data as each low level fault detector 240 but
may compare the output data to other data to produce a
second comparison result (i.e., a high level validity indica-
tion). The high level validity indication may be provided in
the form of a truth table, graded values, or some combination
thereof, as discussed above with respect to the low level
validity indication. Moreover, the other data evaluated by
the high level fault detector 240 may be received from (or
derived from data received from) other sensors, including
sensors that are configured for use in measuring character-
istics of the WTG other than a blade bending moment, such
as a generator speed measurement, a generator power mea-
surement, a generator torque measurement, a nacelle accel-
eration measurement, a tower acceleration measurement, a
blade acceleration measurement, a WTG location measure-
ment, a blade pitch angle measurement, a blade pitch angle
of attack measurement, a rotor speed measurement, and/or
an internal temperature measurement. In addition, or alter-
natively, the other data may be received from (or derived
from data received from) sensors that are configured for use
in measuring characteristics of the environment in which the
WTG operates, such as a wind speed measurement, a wind
direction measurement, a wind thrust force measurement, an
air density measurement, and/or an ambient temperature
measurement. Receiving data from other sensors facilitates
detection and diagnosis of fault modes in the load sensors
142 that may not be easily detected by the low level fault
detector 220, including long term frequency drifts of an FBG
330. In addition, or alternatively, the high level fault detector
240 may compare the data output from a first one of the load
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sensors 142 with the data output from a second one of the
load sensors 142. The high level fault detector 240 may also
be fed the bending moment or strain data produced by the
converter 319 of the load sensor 142 to verify correct
operation of the converter 319.

The data output from each load sensor 142 may be
affected by the azimuth angle of the corresponding blade due
to, for example, tower shadow effects on loads. Therefore, as
part of comparing data output from a first load sensor 142
with data output from a second load sensor 142, the high
level fault detector 240 may temporally shift one or both sets
of data to align the azimuth angles of each set of data. To
facilitate such temporal shifting, the high level fault detector
240 may receive measurements made by an azimuth angle
sensor or may derive the azimuth angle from load sensor
data. Such a comparison may not only compensate for
difference in azimuth angle but also for rotor speed and/or
turbulence intensity.

Moreover, when comparing data output by different types
of sensors the high level fault detector 240 may refer to a
predetermined relationship that relates the two sets of data.
For example, the data output by a wind speed sensor cannot
directly be compared to data output by the load sensors 142.
Thus, one or both sets of data may be processed according
to a predetermined relationship that may be derived empiri-
cally and/or from known physical laws that relate the sets of
data as part of the comparison operation. Moreover, the
processing may depend on additional data from other sen-
sors and/or known parameters. For example, an estimate of
expected wind speed may be derived from load sensor data
using a predetermined relationship and the estimated wind
speed may be compared to the wind speed measured by a
sensor to determine whether the load sensor producing the
load sensor data is faulty. Other example high level detection
operations may be performed using one or more residual
generators created based on models of WTG operations that
at least partially depend on or affect the outputs of the load
sensors 142 according to certain known physical relation-
ships (derived empirically and/or from physical laws).
Residuals produced by residual generators are signals
defined to have a zero mean and a known standard deviation.
Thus, a fault mode can be detected when the mean of a
residual deviates significantly from zero or the standard
deviation of the residual deviates significantly from the
known standard deviation. The amount of deviation can be
measured by a statistical test, such as a generalized likeli-
hood ratio test or a cumulative sum test, which facilitate
tuning the likelihood of false alarms and/or missed detec-
tions.

The low level and high level fault detectors 220, 240 may
perform fault detection automatically at regular or irregular
intervals and/or in response to a command from a controller,
such as the WTG controller 230. Moreover, the low level
and high level fault detectors 220, 240 may be implemented
using circuitry that includes hardware, software encoded on
computer-readable media including programmable and non-
programmable media, or any combination of the foregoing.
When a fault mode is detected by either the low level or high
level fault detector 220, 240, the detector may send an
indication of the detected fault mode to the WTG controller
230 or the control circuitry 318. The WTG controller 230 or
the control circuitry 318 may then compensate for the
detected fault mode. Compensation may include, for
example, ignoring the output of the faulty load sensor.
Alternatively, the control circuitry 318 may control the light
source 312 to boost power based on the A, value
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process the output of the spectrum monitor 316 based on the
A, value reported by the low level fault detector 220.

The foregoing systems may be used to implement various
different fault mode detecting methods. FIG. 5 shows a flow
diagram representing an example method 500 of detecting a
fault mode in a sensor, such as one of the load sensors 142.
The method may be carried out by the system 200 in FIGS.
2 and 3. At stage 510, a first sensor, such as one of the load
sensors 142, is operated to generate a first set of data (i.e.,
a first set of one or more data points) representing a bending
moment experienced by a blade of a WTG. At stages 520
and 530, fault mode detection is performed at a low level by
comparing the first set of data with a set of reference data to
produce one or more comparison results. More specifically,
at stage 520 a signal power level indicated by the first set of
data is compared with a signal power level indicated by the
set of reference data to produce a power comparison result
and at stage 530 a mean signal frequency indicated by the
first set of data is compared with a mean signal frequency
indicated by the set of reference data to produce a mean
frequency comparison result. The low level fault detector
220 may perform the foregoing comparison stages 520 and
530.

Although both of the comparison stages 520 and 530 are
depicted as being performed, in an alternative method only
a single one of the stages 520 and 530 is performed. In
addition to or instead of performing one or both of the
comparison stages 520 and 530, additional comparison
stages may be performed to compare other aspects of the
first set of data with corresponding aspects of the set of
reference data.

In addition to performing low level fault mode detection,
the method 500 includes stages 540 and 550 that pertain to
high level fault mode detection. The high level fault mode
detection stages may be performed in parallel (as shown) or
in series with the foregoing low level fault mode detection
stages 520 and 530.

The high level fault mode detection stages include stages
540 and 550. At stage 540, a second sensor is operated to
generate a second set of data. The second set of data may
represent a bending moment experienced by another blade
of the WTG. Alternatively, the second set of data may
represent a bending moment experienced by another, non-
blade component of the WT'G or may represent other char-
acteristics of the WTG or its operating environment, such as
wind speed, wind direction, generator speed, generator
torque, or the like. At stage 550, the first set of data is
compared with the second set of data to produce a high level
comparison result. The high level fault detector 240 may
perform this comparison operation. As part of the compari-
son, one or both sets of data may be processed, if necessary.
For example, an estimate of the second set of data may be
generated based on the first set of data (or vice-a-versa) for
meaningful comparison with the second set of data. This
data processing may also be performed by the high level
fault detector 240.

At stage 560 a determination is made as to whether the
first sensor has entered a fault mode based at least in part on
one or more of the comparison results. This determination
may be made by either the low level fault detector 220 or the
high level fault detector 240. It is possible for both the low
level fault detector 220 and the high level fault detector to
make the determination that the first sensor has entered a
fault mode. For example, the low level fault detector 220
may make a determination of whether the first sensor has
entered a fault mode based on the low level comparison
results (power and mean frequency comparison results) and
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the high level fault detector 240 may make a similar deter-
mination based on the high level comparison result. These
determinations may be based on multiple data set compari-
sons made at different times at both the low level and high
level. Moreover, at the high level the determination may be
made based on various different sets of data from different
sensors of the same type or different types.

At stage 570, an indication of the detected fault mode is
sent to a controller of the first sensor, such as the WTIG
controller 230 and/or the control circuitry 318, and com-
pensation is performed at the sensor controller for the
detected fault mode. The indication of fault mode may be
sent by either the low level fault detector 220 or the high
level fault detector 240. Moreover, if the first sensor is the
load sensor 142 and the fault mode is detected at the low
level, the compensation may include modifying power out-
put by the light source 312 based at least in part on the power
comparison result and/or compensating for a frequency
offset based at least in part on the mean frequency compari-
son result. Compensation for the detected fault mode may
also include disabling the first sensor and/or reducing or
eliminating the dependence of any actuator control opera-
tions on the output of the first sensor.

The method 500 is provided by way of example, not
limitation, and may be modified in various ways, including
omission and/or repetition of certain stages, as well as
addition of other stages. For example, in one alternative
embodiment of the method 500, the low level fault detector
does not send an indication of the detected fault to a sensor
controller at stage 570 and instead controls the first sensor to
compensate for the fault mode. Moreover, in other alterna-
tive embodiments of the method 500, either the low level
fault mode detection stages (stages 520 and 530) or the high
level fault mode detection stages (stages 540 and 550) are
omitted and only a single level (low or high) of fault mode
detection is performed. Furthermore, stage 570 may be
omitted in some embodiments if, for example, the sensor
controller has no way of compensating for the detected fault
mode or if such compensation is impractical. Thus, the
determination of whether the first sensor has entered a fault
mode may simply be flagged for a technician to service (e.g.,
by inspecting, repairing, and/or replacing) the faulty sensor
immediately or during a scheduled maintenance operation.
Furthermore, the method 500 may be adapted for use with
load sensors used on structures other than WTGs and/or with
types of sensors other than load sensors.

In addition, the method 500 or portions thereof may be
repeated as necessary. For example, if the high level com-
parison result indicates a fault mode and the low level
comparison result is unavailable or uncertain it may not be
clear whether the first sensor or the second sensor is faulty.
Therefore, stages 540 and 550 may be repeated one or more
additional times using additional data sets from the same or
other sensors (if available) to aid in determining whether the
first sensor or second sensor is faulty. Moreover, additional
stages that are not shown may be added to the method 500.
For example, a stage for counting a number of peaks
received by the load sensor 142 may be included to detect a
fault mode in which a number of peaks that are received
does not correspond to a number of FBGs in the load sensor
142.

Example methods and systems described herein may be
used to detect fault modes of a sensor. The sensor in one
example embodiment is a bending moment sensor used in a
blade of a WTG. The example methods and systems include
fault detection at a low level and/or at a high level. At the
low level, the output of the sensor is compared to reference
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data and at the high level the output of the sensor is
compared to the output of other sensors, which may include
other types of sensors that measure other types of data.

It should be emphasized that the embodiments described
above are possible examples of implementations which are
merely set forth for a clear understanding of the principles
of the invention. The person skilled in the art may make
many variations and modifications to the embodiment(s)
described above, said variations and modifications are
intended to be included herein within the scope of the
following claims.

The invention claimed is:

1. A method for detecting fault modes of a bending
moment sensor for a blade of a wind turbine generator, the
method comprising:

operating the bending moment sensor to generate data

representing a bending moment experienced by the
blade of the wind turbine generator, wherein the bend-
ing moment sensor includes:
a fiber bragg grating configured for placement on a
surface of the blade; and
sensor circuitry configured to optically couple to the
fiber bragg grating via an optical fiber, the sensor
circuitry including:
a light source configured to emit a light signal; and
a light receiver configured to receive a reflection of
the light signal from the fiber bragg grating and to
convert the reflected light signal into the data
generated by the bending moment sensor,
comparing the data generated by the bending moment
sensor with reference data indicating what is expected
to be generated by the bending moment sensor to
produce a comparison result, wherein the reference
data includes at least one of: pre-determined data
output of the bending moment sensor during a con-
trolled environment, and model data output from a
model, wherein the model includes at least one rela-
tionship determining the model data output as a func-
tion of observed operating conditions and knowledge of
properties of the bending moment sensor; and
determining whether the bending moment sensor has
entered a fault mode based at least in part on the
comparison result; and

upon determining that the bending moment sensor has

entered the fault mode, issuing an indication of the fault
mode to a controller of the wind turbine generator that
configures the controller to issue pitch commands to
adjust a blade pitch of the wind turbine generator,
wherein the pitch commands are based on the controller
performing at least one of: ignoring an output of the
bending moment sensor and reducing a reliance on the
bending moment sensor,

wherein comparing the data generated by the bending

moment sensor with the reference data to produce the
comparison result includes comparing a signal power
level indicated by the data generated by the bending
moment sensor with a signal power level indicated by
the reference data to produce a power comparison
result.

2. The method of claim 1, further comprises:

modifying power output by the light source in response to

determining that the bending moment sensor has
entered a fault mode based at least in part on the power
comparison result.

3. A method for detecting fault modes of a bending
moment sensor for a blade of a wind turbine generator, the
method comprising:
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operating the bending moment sensor to generate data

representing a bending moment experienced by the

blade of the wind turbine generator, wherein the bend-

ing moment sensor includes:

a fiber bragg grating configured for placement on a
surface of the blade; and

sensor circuitry configured to optically couple to the
fiber bragg grating via an optical fiber, the sensor
circuitry including:

by the data generated by the bending moment sensor
with a mean signal frequency indicated by the reference
data to produce a mean frequency comparison result.

16

a light receiver configured to receive a reflection of
the light signal from the fiber bragg grating and to
convert the reflected light signal into the data
representing the bending moment experienced by
the blade;

first fault detection circuitry configured to:
compare data output by the sensor during operation
with reference data indicating what is expected to be
generated by the bending moment sensor to produce

a light source configured to emit a light signal; and 10 a comparison result, wherein the reference data
a light receiver configured to receive a reflection of . p . .
the light signal from the fiber bra atine and o includes at least one of: pre-determined data output
comvert th%n reflected light signii% fiito t%le data of the first sensor during a controlled environment,
generated by the bending moment sensor: and model data output from a model, wherein the
comparing the data generated by the bending moment 15 model includes at least one relatlon;hlp determining
sensor with reference data indicating what is expected the mgdel dat? output as a function of obsgrved
to be generated by the bending moment sensor to operating conditions and knowledge of properties of
produce a comparison result, wherein the reference the ﬁrst sensor; and
data includes at least one of: pre-determined data determine whether the first sensor has entered a first
output of the bending moment sensor during a con- 20 faultl I.nodg based at least in part on the comparison
trolled environment, and model data output from a result; an . . .
model, wherein the model includes at least one rela- a conujoller arranged to adJ.u st a.blade pitch of the W.md
tionship determining the model data output as a func- turbine generator by 1ssuing plt?h commands to adJu.st
tion of observed operating conditions and knowledge of a blade pitch of the er.ld. turbln.e generator, wherein
properties of the bending moment sensor; and 25 upon the controller receiving an indication of the first
determining whether the bending m oment, sensor has fault mode from the first fault detection circuitry, the
entered a fault mode based at least in part on the controller is configured to perform at least one of:
comparison result; and ignoring an output of the first sensor and reducing a
upon determining that the bending moment sensor has hrehe.mce on the.: ﬁrs;segsor, 4 by the bendi
entered the fault mode, issuing an indication of the fault 30 ~ W1Erell comparing .the h ata fgeneratg y the P e Hﬁg
mode to a controller of the wind turbine generator that moment sensor with the reference data to produce the
configures the controller to issue pitch commands to comparson result includes comparing a signal power
adjust a blade pitch of the wind turbine generator, level indicated by the d.ata generated by L he. bending
wherein the pitch commands are based on the controller mhomeII}t sensor dwnh a mgn(ail power level 1ndlcateq by
performing at least one of: ignoring an output of the 33 the lre erence data to produce a power comparison
bending moment sensor and reducing a reliance on the 6 r;:lslu L d turbi £ claim 5. furth
bending moment sensor, wherein comparing the data . .e wind turbine generator of claim S, further com-
generated by the bending moment sensor with the prising: . .
reference data to produce the comparison result second fault detection circuitry cor.lﬁgured to compare
includes comparing a mean signal frequency indicated 40 data output by the first sensor with data output by a

second sensor to determine whether the first sensor has
entered a second fault mode,
wherein upon the controller receiving an indication of

either the first and the second fault modes, the control-
ler is configured to perform at least one of: ignoring an
output of the first sensor and reducing a reliance on the
first sensor.

7. The wind turbine generator of claim 6, further com-
prising a second blade, wherein the second sensor is con-
figured to measure a bending moment experienced by the
second blade.

8. The wind turbine generator of claim 6, wherein the
second sensor is configured to measure a characteristic of
the wind turbine generator other than a bending moment
experienced by a blade of the wind turbine generator.

9. The wind turbine generator of claim 6, wherein the
second sensor is configured to measure a characteristic of
the environment in which the wind turbine generator is
located.

4. The method of claim 3, wherein the method further
includes: 45
compensating for a frequency offset of the bending
moment sensor in response to determining that the
bending moment sensor has entered a fault mode based

at least in part on the mean frequency comparison
result. 50

5. A wind turbine generator, comprising:

a blade configured to rotate in response to a wind force;

a first sensor configured to measure a bending moment
experienced by the blade, wherein the first sensor
includes: 55
a fiber bragg grating placed on a surface of the blade;
sensor circuitry configured to optically couple to the

fiber bragg grating via an optical fiber, the sensor
circuitry including:
a light source configured to emit a light signal; and L



